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ABSTRACT: In the modern construction industry, large
gypsum (CaSO,-2H,0) boards are manufactured through a
two-step procedure, which features the heating of fine gypsum
powders to form the intermediate plaster of Paris (bassanite,
CaSO40.5H,0) followed by hydration of the intermediate
phase to form the final formed product. Here, we explore a
novel pathway toward the fabrication of gypsum microneedles
that bypasses formation of the intermediate bassanite phase.
Using in situ liquid transmission electron microscopy, the
dynamic behavior of fine gypsum powders in a calcium sulfate
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solution is investigated at the nanoscale and in real time. An oriented-attachment mechanism is found to dominate the direct
transformation of gypsum nanoparticles to gypsum microneedles, where no intermediate phases are involved. Our experimental
results advance the fundamental understanding of the dynamic interactions between gypsum and water. The proposed
nanoscale pathway for gypsum evolution could potentially revolutionize the construction industry rooted in gypsum board
manufacturing by promising a time- and energy-efficient mass production procedure. In addition, this work can inspire research
efforts associated with geology, archeology, and biology, where historical significance is frequently deduced from gypsum-related

discoveries.
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1. INTRODUCTION

Calcium sulfate (CaSO,) is an abundant mineral in the Earth’s
crust and can be found in sand,' mineral deposits, and
seawater.” This material has attracted substantial attention
because of its Wide applications in geology,”* archeology,”®
medical devices,”® infrastructure,””'" and surgical training.12
Most CaSO, applications are typically based on complicated
interactions among various phases in aqueous solutions, such
as calcium sulfate dihydrate (CaSO,2H,0O, also known as
gypsum), calcium sulfate hemihydrate (CaSO4-0.5H,0, also
known as bassanite), and calcium sulfate anhydrite (CaSO,).
Among all of these polymorphs, gypsum is the most stable in
the atmosphere and is thus the dominant phase in most
applications. The formation of gypsum is believed to start with
Ca’* and SO,*” supersaturation within an aqueous solution
and then proceed via the nucleation of bassanite, followed by
particle aggregation and a subsequent phase transition to
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gypsum.'”'* Current mass production of gypsum plaster

largely relies on this multistep reaction and particularly
requires the calcination of ground gypsum at 150—165 °C to
form bassanite.''® Such a phase transition is always plagued
by the high energy barrier associated with the multistep
kinetics, which inevitably results in extra cost and time devoted
to the mass production of gypsum. As such, numerous efforts
have been spent investigating the fundamentals of gypsum
evolution during its precipitation and dissolution in different
aqueous environments, such as seawater,” brine in basin,'” and
scaling water."®

Transmission electron microscopy (TEM) is a powerful
technique that has been previously used to investigate gypsum
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Figure 1. (a) Schematic of the in situ liquid-cell TEM setup used to observe the growth of gypsum nanoparticles in an aqueous solution. (b—g)
Time-sequential TEM images showing how gypsum nanoparticles aggregate and form gypsum nanoneedles in a SO,*"- and Ca**-saturated aqueous
solution in a liquid cell. Gypsum nanoneedle formation occurs in two stages: (b—d) Aggregation of preexisting gypsum nanoparticles; (e—g) TEM
snapshots of the transformation of agglomerated nanoparticles to gypsum nanoneedles. The scale bar in part b applies to parts b—g and denotes 1
um. The electron dose rate for all of these images was 798 e nm™ s™". (h) Schematic depiction of the aggregation process of gypsum nanoparticles

toward the needle morphology.

evolution in aqueous solutions. Wang et al.'® explored the
precipitation process of gypsum by observing the mixing
products of calcium and sulfate solutions in conventional
(vacuum) TEM. They suggested that the route featured the
formation of amorphous CaSO, which was converted to
bassanite crystals and eventually to gypsum. Using time-
resolved cryo-TEM, Van Driessche et al.'* demonstrated that
single-crystalline bassanite functioned as a stable precursor
during the precipitation of gypsum needles by the mixing of
CaCl,-2H,0 and Na,SO, solutions. The precipitation of
gypsum in water was also reported to be a hydration process,
during which the nanoscale amorphous cluster first evolved to
amorphous particles and then transformed to crystalline
needle-shaped gypsum.'” Using synchrotron X-ray (small-
and wide-angle scattering) techniques, gypsum was also found
to form by the aggregation and rearrangement of sub-3-nm
anhydrated particles.”” The crystallization pathways of gypsum
precipitation were also explored by Raman and IR spectros-
copy,”"** where a nonclassical nucleation theory involving an
amorphous phase and other CaSO, polymorphs was proposed.
Yet, there has been no reliable and direct in situ evidence
regarding the reaction kinetics and identification of the various
phases involved.

Despite various ex situ studies devoted to the understanding
of gypsum formation'”'*'*°7** and dissolution,"* the
fundamentals of dynamic phase transition and morphology
evolution in this process have not been fully understood.
Herein, for the first time, in situ liquid-cell TEM is utilized to
observe the evolution of gypsum nanoparticles in aqueous
solutions in real time. Liquid-cell TEM has undergone rapid
development in recent years and thus has become a powerful
tool for exploring biological and material science processes in
real time and with nanoscale resolution.”*™*” When selected
liquids are forced through the cells (flow mode), material
behaviors such as nanoparticle movement®"*”***3 and lithium

dendrite growth during battery cycling®**® have been
intensively studied. We report here a new mechanism
accounting for the gypsum formation process, which coexists
with the conventional phase-transition pathway. Arguments are
provided and discussed in detail based on real-time
observations of gypsum evolution in aqueous solutions. This
new transition route is found to successfully circumvent the
notorious energy barriers plaguing the traditional phase-
transition pathways and demonstrated as a novel and eflicient
strategy to control the gypsum evolution. The present work
advances the fundamental understanding of gypsum behavior
in water and thus can inspire future research in the fields of
geology, archeology, and biology, where gypsum-related
discoveries are highly relevant. More importantly, the
construction industry sectors rooted in CaSO, compounds
can potentially benefit from these findings through proper
adjustment of the material processing technology toward a
more time- and cost-effective mass production.

2. EXPERIMENTAL SECTION

2.1. Materials. The gypsum powder was provided by USG. The
corresponding X-ray diffraction (XRD) pattern is shown in Figure Sla
and confirms that the powders are pure calcium sulfate dihydrate
(CaSO,42H,0) according to the standard XRD data (PDF 00-033-
0311). Parts b and c of Figure S1 show respectively low- and high-
magnification TEM images, revealing the morphology of the as-
received gypsum particles, which have various shapes with sizes
ranging from nanometers to micrometers. No needle-shaped particles
were observed in the as-received powder. Rather, the gypsum particles
looked like stacked flakes. Electron energy loss spectroscopy and
energy-dispersive spectroscopy data confirmed the presence of Ca, O,
and S elements in the sample. On the basis of the atomic models of
bassanite and gypsum (parts f and g of Figure S1, respectively), one
can see how the different amounts of bonded water cause structure
change. Gypsum can be distinguished from bassanite by means of the
XRD pattern.
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Figure 2. TEM characterization of gypsum exposed to a Ca**- and SO,* -saturated aqueous solution: (a and b) formation of aggregated gypsum
nanoparticles after S min of exposure; (c, d) formation of gypsum microneedles after 30 min of exposure. The scale bars in parts a, ¢, and d denote
50, 500, and 100 nm, respectively. (b) Selected-Area Electron Diffraction (SAED) pattern from the large particles shown in part a, which is
confirmed to be monoclinic gypsum by the appearance of the characteristic diffraction rings. The inset image in part d is the SAED pattern of the
shown gypsum nanoneedle viewed along the [001] zone axis, and confirms a typical single-crystal diffraction pattern. (e) Histogram of the
projected particle area obtained in Figure 1 b, i.e., after 1 s exposure time. (f) Histogram of the projected particle area obtained from 3S images of

samples with 5 min exposure time.

2.2. XRD Characterization. A Siemens (Bruker) D-5S000 powder
diffractometer (equipped with a standard sample holder) was used to
detect the composition of the as-received dry powder. The
diffractometer uses Cu Ca radiation with a 0.02° step size and a 2
s dwell time.

2.3. Preparation of In Situ Liquid-Cell Experiments. All in
situ liquid-cell experiments were carried out using the Protochips
Poseidon 500 liquid holder in an aberration-corrected JEOL JEM-
ARM 200CF scanning transmission electron microscope operated at
200 kV in TEM mode. The design of the tip of the holder can be seen
in Figure la. The chip spacers used in the experiments were 150 nm
(the top and bottom windows were separated by this distance). For
Movie S1 and Figures 1 and 2, the ground gypsum nanoparticles were
dispersed in isopropyl alcohol (IPA) and sonicated for 5 min. Then
the gypsum dispersion was driven into the liquid cell. After the cell
was filled with the fluid, air flow was initiated and maintained for 40
min to purge all IPA (but not the particles, which stayed in the cell)
from the cell chamber. At that point, the flow of a Ca**- and SO,*"-
saturated solution into the chamber was initiated and maintained for
the duration of the test. For Movie S1 (Figure 1), the beam was
stopped only during the purging air flow. For Figure 2, the sample was
not inserted into the microscope (thus providing a control case).
These samples were harvested at S and 30 min. The silicon nitride
chips were opened to perform ex situ characterization after loading in
the TEM. For Movie S2 and Figure 3, the gypsum particles were
loaded into the chip (with 500 nm spacers) before assembly.
Deionized water was forced into the cell until a droplet could be seen
to emerge from the outlet of the holder, at which time the flow was
stopped. Movie S3 and Figure SS were captured during a 30 min
period after the flow was stopped. For Movie S4 and Figure 4, the
Ca®*- and SO,* -saturated solution was forced through the cell, and
once fluid emerged from the outlet of the holder, the flow was
stopped.

3. RESULTS AND DISCUSSION

3.1. Aggregation of Gypsum Nanoparticles. To
observe the interaction of pristine gypsum nanoparticles
(Figure S1) with water, the particles were preloaded into the

liquid cell using the experimental scheme illustrated in Figure
la. The sample preparation is explained in the Supporting
Information. We studied the evolution of gypsum nano-
particles in an aqueous solution saturated with sulfate (SO,*")
and calcium (Ca*") ions by liquid-cell TEM. As shown in
Table S1, the concentrations of the SO,>~ and Ca®* ions were
maintained above the solubility limit of gypsum in water (15.7
mM) in order to prevent dissolution of the existing or newly
formed gypsum nanoparticles. Parts b—g of Figure 1 elucidate
the detailed formation process of gypsum nanoneedles starting
from the preloaded gypsum nanoparticles. Figure 1b shows
that the gypsum nanoparticles are well dispersed in the
saturated solution, while they tend to be concentrated in
several locations where they appear as aggregated clusters.
Parts ¢ and d of Figure 1 capture the gradual attachment of
gypsum nanoparticles, which results in the appearance of newly
aggregated gypsum nanoparticles (yellow-dotted circles). At
later stages, the aggregated gypsum nanoparticles grow into
even larger nanoneedles that stably exist in the solution (red-
dotted boxes in Figure le—g). This formation process of
gypsum nanoneedles is schematically illustrated in Figure 1h,
which highlights the direct aggregation pathway from smaller
gypsum nanoparticles to larger gypsum nanoneedles. More
tests were done to examine the beam effects, if any, in the
aggregation process. As shown in Figure S2, similar
phenomena were observed at a dose rate twice that of Figure
1. The stability of the aggregated gypsum nanoparticles was
also tested under different beam-dose conditions. Without
changes in the magnification, adjustment of the brightness can
change the dose rate in the TEM mode. Changing the
magnification can change the dose even more dramatically, as
shown in Figure S3c, which shows a close-up of a large cluster.
In this higher-dose case, the particles show a stable structure,
with the aggregated gypsum remaining unchanged. This
confirms the stability of the aggregated gypsum nanoparticles
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Figure 3. Dissolution of bulk gypsum in water observed via in situ liquid TEM. (a) Snapshots from Movie S2. The sequential images show the
gradual dissolution of micron-sized bulk gypsum, which initiates from the attachment interfaces and surface cracks (marked by the yellow dashed
lines). Scale bars denote 2 ym, and the dose rate was 144 e nm™> s™*. (b) Schematic showing the dissolution of bulk gypsum, with gray spheres
indicating Ca®* and yellow/red clusters indicating SO,>". (c) Measured projected area of the particle shown in part a with time (black line):
smoothed curve (purple); first derivative of the smoothed curve (red). (d) Equivalent-area radius versus time (black) and its first derivative (blue).

under the electron beam (e-beam) for the conditions used
here.

To further study the evolution of the formed gypsum
nanoneedles in the solution, Figure 2a shows aggregated
gypsum nanoparticles after 5 min of exposure in a SO,*"- and
Ca’*-saturated solution in a TEM cell that was not placed in
the microscope chamber. The particles, after the timed
exposure, were extracted from the cell and dried for immediate
TEM imaging. The particles seem to be tightly clustered in a
randomly oriented fashion, as marked by the blue dashed
frames in Figure 2a. Figure 2b demonstrates the selected-area
electron diffraction (SAED) pattern of the aggregated gypsum
nanoparticles in Figure 2a; the rings can be indexed as the
characteristic diffractions of polycrystalline gypsum, which is
monoclinic in structure with crystalline planes of (041), (040),
(111), etc. At a later stage, when the exposure time was
increased to 30 min (Figure 2c,d), larger single-crystalline
gypsum microneedles are seen to be well developed, with their
growth direction normal to the (200) plane, as confirmed by
the single-crystalline diffraction pattern in the inset of Figure
2d. Parts e and f of Figure 2 compare the histograms of the
particle projected area after a 1 s exposure time (Figure 1b; in
situ) and after S min exposure (Figure 2a; ex situ); during that
period, the projected particle area grows to more than 0.05
um® (area-equivalent diameter around 252 nm). In TEM
imaging, the actual particle shape cannot be determined from
the projected view. In the present test, most particles did not
have regular shapes; thus, the area-equivalent diameter was
used to describe the growth trend. The equivalent diameter
was calculated from d = 24/A/7, where A is the projected area

of each particle.”” Most of the particles have projected areas up
to 0.11 um® (equivalent diameter up to 374 nm with an

average of 160 nm) after S min exposure, while these values are
0.05 ym? (diameter up to 252 nm with an average of 112 nm)
after a 1 s exposure. This indicates that gypsum nanoparticles
simply grow and aggregate via self-assembly in the initial
stages. These findings strongly support the hypothesis that the
gypsum nanoparticles (Figure 1b) can form gypsum nano-
needles (red dotted boxes in Figure le—g) partially assembled
at the nanoscale. Figure 2a, which shows gypsum exposed for 5
min to a Ca®*- and SO,*"-saturated aqueous solution, provides
evidence of oriented attachment of the gypsum nanoparticles
(highlighted by blue dash outlines). The corresponding SAED
pattern shows polycrystalline features. At a later stage (e.g,
Figure 2¢c, 30 min exposure), formation of the needle shape
becomes obvious. The corresponding SAED pattern shows
single-crystal spots (Figures 2d and S4). Some spots are not
circular, showing obvious elongation. The SAED pattern shows
some circular features. In the TEM images, some nanoparticles
could be observed in single-crystalline gypsum nanoneedles
(red ovals marked in Figure S4a). This indicates that the
particle is not a perfect single crystal, but because different
grains contribute to the SAED pattern, it is rather a quasi single
crystal. The reconstructed red—green—blue (RGB) high-
resolution image of the gypsum needle also proves the
orientation relationship among the red, blue, and green
gypsum grains. It was seen that the three grains are assembled
together. For the gypsum microneedles shown in Figure S7a,
the dots in the SAED pattern are neat and clean, indicating a
typical single crystal. This evolution of the SAED pattern from
polycrystal to quasi-single-crystalline to neat single-crystalline
character supports the self-assembly growth of gypsum needles.
This in situ observation not only records the early aggregation
of gypsum nanoparticles and the final formation of single-
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Figure 4. Precipitation of metastable bassanite and stable gypsum in a Ca*'- and SO,* -saturated solution. (a) Schematic of the liquid-cell TEM
experimental setup in the flow mode. Only the top and bottom chips are shown for better depiction of the flow chamber. (b) Time-sequenced
TEM images showing the dynamic process involving (0 s) bubble formation in the viewing area, (26 s) nascent bassanite nanoparticle nucleation
near the bubble interface, (43 s) aggregation of bassanite nanoparticles, (70 s) assembly of bassanite nanoparticles toward the needle shape, and
(485 s) a polycrystalline gypsum microneedle. The SAED patterns (insets in the respective frames) taken at 70 and 485 s confirm the existence of
the bassanite and gypsum phases, respectively. Each scale bar in part b denotes 200 nm. The electron dose rate was 4413 e nm™> s (c)
Schematics illustrating the four stages (I-IV) of gypsum formation within an unsaturated solution containing Ca** and SO,’~ and which is
irradiated by the condensed beam to induce phase change (bubble), which locally raises the concentration of the ions in the liquid and causes solid

precipitation.

crystalline gypsum microneedles, but also confirms the
compositions of the particles/needles involved in the whole
process, where gypsum nanoparticles reorient themselves to
form gypsum nanoneedles. This self-assembly growth mech-
anism has also been reported for other nanostructures during
solution-based reactions,**>* where the driving force was

is guaranteed.

believed to be a reduction of the surface energy of the overall
system. Thus, it appears that gypsum nanoparticles can form
single-crystalline gypsum microneedles through aggregation

and self-assembly, as long as a sufficient solution exposure time
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3.2. Dissolution of Bulk Gypsum in an Unsaturated
Solution. After examining the behavior of gypsum nano-
particles immersed in a SO,>”/Ca®-saturated solution and
demonstrating the growth mechanism via self-assembly, we
explored situations where particles were immersed in an
unsaturated solution with low 5042_/ Ca>* concentration.
Assisted by in situ liquid TEM, we investigated this case,
and the results are shown in Figure 3 (Movie S2). After
immersing pristine bulk gypsum in an unsaturated solution,
instead of particle growth, we observed the gradual dissolution
of gypsum with the subsequent release of SO,*~ and Ca’* into
the solution, as well as the expected formation of aqueous
complex CaSO,(aq) (Table S1). From Figure 3a and Movie
S2, one can see that the dissolution proceeds preferably along
the interface regions (yellow dashed lines) between planar
sections of the particle, thus creating cracks in the gypsum
structure. With these interface regions being etched gradually,
this larger particle goes through a disassembling process, which
splits it into several gypsum nanoneedles. The schematic of this
process is shown in Figure 3b. This observation within the
unsaturated solution supports the hypothesis that the self-
assembly of gypsum microneedles makes a significant
contribution to the overall growth and formation of bulk
gypsum. Figure Slc shows more examples of bulk gypsum
particles involving obvious interface lines that imply the self-
assembly growth process.

To quantify the kinetics of the growth/dissolution of
gypsum, the relationship between the projected area of the
particle and the time it is immersed in the solution is plotted in
Figure 3c. The graph shows that while the particle area
declines in time, dissolution proceeds slowly during the first
100 s, speeds up from 100 to about 200 s, and then slows
shortly after 200 s. This interesting trend is clearly shown in
the derivative curve (red), where the dissolution rate is initially
small, then increases gradually to 0.015 pum* s~ just beyond
200 s, and finally falls back to a low value after 250 s. Figure 3d
shows the corresponding variation of the particle equivalent
radius (based on the projected area) and its derivative. Because
the concentration of the ions is not detectable in liquid-cell
TEM, the sizes of the particles are used to provide a measure of
the amount of ions in the liquid versus time. Dissolution of the
gypsum particles could be divided into two steps: (1) the
gypsum particles become solvated, followed by (2) diffusion of
the dissolved ions into the solution. In this case, and before
200 s, the equivalent-area radius varies in a quadratic form with
time, which supports the diffusion layer model.””*" First, the
gypsum dissolves in water to form a saturated ion layer, also
known as the stagnant layer,”" and then the ions diffuse into
the solution. Because step 1 is faster than step 2, diffusion of
the ions is the rate-determining factor. The Noyes—Whitney
equation could thus describe this process.””** After 200 s, the
equivalent-area radius decreases according to a more complex
r(t) form. From Figure 3a, it can be seen that bulk gypsum is
almost dissolved and some small gypsum needles persist. In
this test, the flow of water was stopped (closed system). As
such, the concentration of the ions in water could have reached
the saturation level, thus reducing the dissolution rate. Steps 1
and 2 became comparable in rate, meaning that neither
interfacial dissolution nor ion diffusion is the limiting factor in
this case.”!

To examine the influence of the e-beam on the dissolution
of gypsum, Figure SS shows snapshots (from Movie S3) of
another bulk gypsum particle floating around the gradually

dissolving particle shown in Figure 3. Although the gypsum
particle in Figure SS was exposed to the same electron dose, it
remained intact from the beginning of the observation, with no
obvious dissolution even after 900 s of beam exposure. This
example indicates the stability of gypsum when subjected to e-
beam imaging. Considering that the images in Figure SS were
captured several minutes after those in Figure 3, we expect that
the surrounding solution had become saturated or near-
saturated by dissolving gypsum when the event in Figure 3 was
recorded. The surrounding saturated solution then helped to
stabilize the gypsum particle in Figure S5 and prevented its
dissolution. In conclusion, the e-beam appears to have a
limited effect on the real-time liquid TEM observation of the
dissolution events examined herein.

3.3. Precipitation of Gypsum from an Unsaturated
Solution. On the basis of the acquired understanding of
interactions between the aqueous solution and the preexisting
bulk gypsum in the solution, we further studied the kinetics of
gypsum nucleation, precipitation, and growth when the
solution was gradually saturated in real time. An unsaturated
solution of Ca?* and SO,>~ was driven into the TEM cell
through a microfluidic device (Figure 4a); there should be no
gypsum precipitation at the beginning. To trigger gypsum
nucleation in the unsaturated solution, the e-beam was focused
on a small region of the solution to trigger bubble
formation®>** (red arrows mark the bubble interface in Figure
4b), by which a locally supersaturated solution was intention-
ally generated. It has been reported that radiolysis caused by
the high-energy e-beam generates bubbles consisting of oxygen
and hydrogen gases.” The gases in the bubble displace the
surrounding solvent and thus increase the concentration of
Ca’* and SO, in the surrounding solution, in turn leading to
the nucleation of new nanoparticles (blue arrows in Figure 4b;
26—70 s). The SAED pattern confirms that these precipitated
nanoparticles consist of polycrystalline bassanite (the inset in
Figure 4b; 70 s) with monoclinic structure. This agrees with
previous reports that demonstrated the intermediate meta-
stable bassanite during the synthesis of gypsum using either
conventional TEM' or cryo-TEM.'* Eventually, these
bassanite nanoparticles are expected to go through a phase
transition to aggregated gypsum polycrystalline microneedles
(Figure 4b; 485 s). The dynamic precipitation and growth of
gypsum microneedles, based on these observations, is
schematically illustrated in Figure 4c. During the process,
initially, bassanite nanoparticles precipitate from the Ca*'- and
SO,>-saturated solution. Next, these bassanite nanoparticles
aggregate to form bassanite nanoclusters. After that, the
bassanite nanoclusters transform (by hydration) to gypsum
nanoneedles, which eventually form gypsum microneedles, as
shown in Figure 2. Because tracking the whole process is
difficult in the liquid cell, only part of this process was captured
and is shown in Figure 4b.

3.4. Discussion. Although in the liquid cell the e-beam
effects can be a main concern, we have concluded the e-beam
effects are not significant in the present experiments. The dose
rates for Figures 1, 3, and 4 were estimated to be 798, 144, and
4413 e nm™2 s7}, respectively. For gypsum aggregation in
liquid (Figure 1), the flow mode of the liquid cell was used to
minimize the e-beam effects in the local area. The flow rate was
300 uL h™', as determined from the liquid flow marked by the
moving particles and the dimensions of the cell. Because of this
liquid flow, the solution, after absorbing energy from the e-
beam, moves out of the irradiated area. This effectively lowers
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Figure 5. MC calculation of the energy delivered by an e-beam with (a) low dose (144 e nm™ s™") and (b) high dose (4413 e nm™>s7"). Z is the
liquid depth along the e-beam. The width and length of the simulated area are equal to 200 nm. The color scale bars denote eV nm™.

the accumulated energy for the local area and raises the
threshold for bubble formation.** Based on published
work,**"™* the critical dose rate for generating bubbles
depends on the microscope parameters and the experimental
setup. Wang et al. reported that the threshold dose rate for
bubble formation in a static silicon nitride membrane liquid
cell is 10 e nm™ s™" at 80 kV.** Grogan et al.** reported that
bubbles could be generated in a static silicon nitride membrane
liquid cell with a dose rate of around 792 e nm™>s™" at 300 kV.
For the present work, with a 200 kV e-beam and the flowing-
liquid setting, the threshold dose for bubble generation should
be higher than that reported for static cells.”"** So, for the
gypsum particle aggregation test (Figure 1), the dose rate used
is lower than the threshold for bubble formation. For the
dissolution test (Figure 3), the dose rate is well below the
threshold for bubble formation. For the precipitation test
(Figure 4, where the dose rate is 4413 e nm ™2 s™"), we used the
static mode to generate a bubble. Other concerns about the e-
beam effect stem from the physical and chemical environ-
mental changes caused by the e-beam. For the physical aspect,
temperature is a key point for most chemical reactions. The
temperature difference is estimated to be less than 2 K,*° thus
making its effect negligible. For the chemical aspect, one
should focus on the radicals generated by the e-beam. Hence, a
Monte Carlo (MC) simulation was carried out to determine
the density distribution in a 200 X 200 nm liquid area with 150
nm thickness.”*> On the basis of this simulation (Figures 5
and S8 and S9), for the low-dose case (144 e nm™ s™"), there

are barely any radicals generated by the e-beam. For the high-
dose case (4413 e nm™* s7'), the energy transferred to the
liquid is higher than that for the low-dose case, while the
average is still lower than 100 eV nm™>. More energy is
delivered to the top area of the liquid cell compared to the
bottom area for the high-dose case (Figure Sb). The dose
would accumulate with time, but the steady-state concen-
trations of radicals are only dose-rate-related.”*** For hydro-
gen gas, the steady-state concentration is around 1 mM for the
high dose in this test.* For other radicals, the concentration is
between 0.1 and 0.01 mM," which is also very low. Another
obvious change caused by the e-beam is on the pH of the
solution, which may approach 4.5 under prolonged e-beam
irradiation.”> On the basis of the Pourbaix diagram of the
calcium system, calcium is stable for a wide range of pH values
(1-12).%’ The dissolution™* and precipitation”*"® of gypsum
are not pH-sensitive. SO,*” is a strong acid anion, which is
stable with the Ca cation. So, generally, the pH change caused
by the e-beam should not have a significant effect on the Ca/
SO, system. This means that, although the e-beam may alter
the chemical environment of the liquid, the associated change
is not sufficient enough to alter the outcome.

To further rationalize the proposed oriented-attachment
mechanism and the existence of an intermediate bassanite
phase during the growth of gypsum particles, some
thermodynamic considerations are discussed in the following.
The presence of intermediate hemihydrate bassanite as a
precursor to gypsum formation in the CaSO, system is
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consistent with the findings of Van Driessche et al,"* who
implied the crucial role of self-assembly in this phase transition.
Thermodynamically, the solubility of the bassanite nanocryst-
als was hypothesized to be much smaller than that of bulk
bassanite. Figure 6 (based on ref 42) displays the free energy
and enthalpy of associated reactions involving bassanite and
gypsum particles, as well as comparisons taking into
consideration the particle size and surface area (which rises
as the size declines). Figure 6a is not based on the present
experimental results; it is derived from a general case for the
energetics of metastable and stable polymorphs as a function of
the particle radius.”> However, the energy trend is similar to
the present case, thus helping rationalize the energy barrier
during the precipitation process. For bassanite and gypsum
phases possessing a certain particle size, the phase with lower
enthalpy and free energy would be more stable in solution and
thus more likely to be captured in an experiment. Following
this principle, bassanite is more stable than gypsum when the
particle size is smaller than D, the critical diameter where the
two curves cross over. The phenomena displayed in Figure 4b
agree with the findings of Van Driessche et al.'* However, it is
important to note that, as the particle size decreases into the
nanoscale regime (left side of the graphs in Figure 6), the
enthalpies of bassanite and gypsum become comparable. In
this regime, both bassanite and gypsum particles are
thermodynamically stable, and thus both are likely to be

formed and observed experimentally, as shown in Figures 1, 2,
and S4. In all of these figures, the as-formed particles fall into
the nanoscale range. The sizes of the gypsum nanoparticles
shown in Figures 1b and 2a are around 160 and 100 nm,
respectively, and the sizes of the precipitated bassanite
nanoparticles in Figure 4b increase from 38 nm at 26 s to
123 nm at 43 s to 347 nm at 70 s. The size of bassanite at a
later stage where the phase transition of bassanite to gypsum
happens is larger than 347 nm. So, on the basis of our
experiments and other reports'”'* (Table S2), D, for the
transition of bassanite to gypsum should fall in the range of
500 nm to 1 um. On the basis of the experimental data and
calculations,' the evolution of the enthalpy of bassanite
follows the green line in Figure 6b, and the crossover point
between gypsum and bassanite (marked by a pink dashed line)
should be near 0.25 ym? (which corresponds to an equivalent
size of ~500 nm). The formation energy for bassanite at the
nanoscale level is lower than that for gypsum,14 and it is thus
easier to precipitate bassanite than gypsum (Figure 4).
However, with the particle size increasing above D, as
indicated by the crossover point of bassanite and gypsum in
Figure 6, the gypsum phase possesses a lower energy than
bassanite, so a bassanite-to-gypsum phase transition occurs.
With a gradual increase of the particle size, bassanite can
transform to gypsum. On the other hand, gypsum would not
transform to bassanite (see the Supporting Information). In
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other words, the gypsum particles can exist stably without
phase transition even when the size is smaller than D. The
initial size of the gypsum nanoparticles in our first experiment
(Figure 1b—g, where particles were introduced in the cell) is
much smaller than 500 nm, which supports that these (with a
size smaller than D.) gypsum nanoparticles can stably exist in
solution. For all experiments in Figures 1 and 2, only the
gypsum phase was involved, and no bassanite was detected.
Driven by the trend of surface energy reduction, the oriented-
attachment mechanism gradually dominates the growth of
gypsum nanoparticles to reduce the overall energy of the
system. The gypsum microneedles can grow to bulk gypsum by
oriented attachment along the direction [100] for this case,”®
as deduced from SAED (insets in Figures 2d and S7). This is
also consistent with the phenomena in Figure 2. On the basis
of the discussion above, two possible pathways accounting for
the formation of gypsum microneedles are supported here.
One pathway is a conventional phase-transition-based
mechanism involving the formation of an intermediate
bassanite phase, as shown in Figures 4 and S7. The second
pathway features direct gypsum growth without any
intermediate phase, as demonstrated in Figure 1. Both
mechanisms are illustrated in Figure 7.

In summary, two pathways for the growth of gypsum needles
have been identified and explained (Figure 7). One pathway
follows the conventional synthesis process of gypsum with
bassanite acting as the intermediate phase. The new pathway
discovered in this work is the direct self-assembly of gypsum
nanoparticles to form gypsum microneedles, with no
intermediate bassanite phase in the process. This pathway
might offer a novel strategy to produce gypsum at industrial
scales. Future industrial synthesis of gypsum can potentially
realize significant energy savings and cost reduction by
avoiding the calcination of ground gypsum. In addition, the
present findings may lead to better strategies to avoid the
unwanted contamination of equipment that operates in contact
with water-dissolved CaSO,. More perspective work is needed
in the future to explore such growth mechanisms, so as to
efficiently direct technological advancements toward the cost-
effective mass production of industrial products.

4. CONCLUSIONS

We have carried out dynamic in situ liquid TEM measure-
ments of gypsum evolution from dry to hydrated states in real
time and with nanoscale resolution. On the basis of these
observations, two distinct pathways have been identified for
formation of the well-known gypsum microneedles in an
aqueous solution of CaSO,. The first pathway agrees with an
earlier-proposed mechanism starting from ions in the aqueous
medium, where the nucleation of bassanite from Ca®*- and
SO,>"- saturated solutions is followed by further hydration to
form gypsum microneedles. The second pathway, which has
not been proposed before, features a dynamic self-assembled
attachment growth mechanism, where randomly shaped
gypsum nanoparticles aggregate and form gypsum micro-
needles in a Ca**- and SO,* -saturated solution. The present
findings are supported by thermodynamic considerations,
indicating that both bassanite and gypsum nanoparticles are
equally stable in a saturated solution and thus could appear
simultaneously to account for the formation of gypsum
microneedles. This work could potentially revolutionize the
gypsum industry by providing the foundation for a novel
method to synthesize gypsum microneedles via nanoscale

processing rather than heat-induced phase transitions involving
intermediate bassanite. As such, this potential industrial
innovation, if scalable, could lead to energy- and time-efficient
mass production of bulk gypsum for its wide applications in
modern society.
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